Abstract-Dexterous continuum manipulators (DCMs) offer great potential for increasing instrument reach in minimally-invasive surgical procedures. We previously designed and fabricated a tendon driven DCM with a large instrument channel and evenly distributed compliant joints for minimally-invasive skull base surgery and the treatment of osteolysis during hip revision surgery. The evenly distributed compliant joints, in some cases, may limit the reach of the DCM during lesion removal. In this paper, we propose a finite element analysis (FEA) method for optimizing the distribution of the compliant joints based on treatment space requirements determined preoperatively. After performing experiments to validate the FEA results, we investigated the effects of height and cross distance of unevenly distributed compliant joints on tip trajectories and deflection shapes of DCMs. A boundary exploration for skull base surgery was performed to investigate the improvement in the percent of boundary explored by the optimized DCMs with the unevenly distributed compliant joints. Results show the advantage of using DCMs with unevenly distributed joints in reaching the boundary of the lesion. For a typical lesion in the petrous apex during skull base surgery, simulation results indicates that the design of unevenly distributed compliant joints can increase the reach of the DCM accomplishing 71% lesion removal compared with 59% from the DCM with evenly distributed compliant joints.
I. INTRODUCTION
Cholesterol granuloma is a cystic tumor in the skull base and will cause severe damage if the tumor is not removed [1, 2] . Traditional diagnosis for this disease involves MRI scanning of the brain before the surgery to target the tumor location. During the procedure, the surgeon drills the temporal or tympani bone and drains the tumor using irrigation and, if possible, scraping using a rigid ring curette [3, 4] . The aim is to accomplish complete lesion removal. However, with the existing techniques, the surgeon cannot reach the entire boundary for complete tumor removal, leading to a high potential for recurrence [5] . * Recent literature documents the use of various DCM designs for different surgical applications to improve the maneuverability. Examples include concentric tube robots for transnasal surgery [6] , hydrocephalus treatment and closure of a patent foramen ovale [7] , distal dexterity units for throat surgery [8] , and other types of tendon-driven robots for catheter ablation [9] and endoscopic surgery [10] . In order to improve the lesion removal for the skull base surgery, we have proposed a solution using dexterous continuum manipulators (DCMs) to help reach more target points within the lesion space [11] . Our proposed notched DCM has compliant joints designed to handle forces during drilling bones, while providing a relatively large instrument channel diameter/outer diameter ratio [12] . The tendon-driven DCM is built from two nested Nitinol tubes with compliant joints created by evenly notching the body of the nested tubes. We have shown that the DCM and a flexible ring curette passing through its instrument channel can significantly improve access to the entire lesion in petrous apex [6] . The proposed DCM is integrated with a da Vinci robot's actuation box (Intuitive Surgical, Inc.) (Fig. 1 ).
While effective, the DCM with evenly-spaced notches [6] still had limited reach during simulation lesion removal. We hypothesize that an uneven notch spacing can improve the DCM reach. A similar continuum manipulator with V-shape units was discussed in [13] , but they did not investigate the effects of variable parameters of V-shaped units. The goal of this work is to investigate the effect of unevenly distributed compliant joints on the reach of the DCM. We propose optimizing dimensions of complaint joints to change deflection shapes and trajectories of the DCMs, enabling more exploration of the boundary from a typical cystic cavity (Fig. 1) . Section II introduces the design of DCMs with unevenly distributed compliant joints, and the calibration of the finite element model of the DCM. Section III details the experiments, FEA results, and the simulation results for boundary exploration. Section IV discusses the limitations and the proposed extensions to this work.
II. METHODS

A. DCMs with Unevenly Distributed Compliant Joints
We assume 27 compliant joints for the DCM (Fig. 2 ) divided into two segments: Segment I with 14 compliant joints and Segment II with 13 compliant joints. For each joint, we aim at changing two parameters: the distance between the semicircular center points of two adjacent notches, v (v=w-2r c ), and the height of the joint, l s , (Fig. 2) . Here, we define them as v 1 , l s 1 for Segment I, and v 2 , l s 2 for Segment II.
B. Deformation and Trajectory Analysis Based on FEA
FEA calculated the deformation of the DCM under tension in the actuation tendons. We explore deflection shapes and tip trajectories of DCMs when changing the notch parameters (w, l s ) characterizing the compliant joints. FEA was performed using Abaqus 6.13 (SIMULIA, USA) software. The modulus of the DCM body made from Nitinol will be introduced in next paragraph, and the modulus of the tendons was set to that of stainless steel wire rope (130GPa, McMaster-CARR, USA). The models were meshed with a combination of Tetrahedron C3D8 & Hexahedron C3D10 elements. In the simulation, the tip of tendon was attached to the tip of the DCM using a coupling connection. The contact between the tendon and the DCM's through channel was set as a surface-surface contact with a specified friction coefficient. The proximal end of the DCM was fully constrained. The tension force was applied to the proximal end of the tendon to mimic the real scenario.
Because of the uncertainty of Nitinol's material properties and contact conditions between the tendon and DCM body, we calibrated the Young's modulus of the DCM and the friction coefficient between the tendon and DCM by comparing simulations and experiments using a fabricated DCM with evenly distributed compliant joints [12] . Two types of simulations were carried out. First, known weights were applied to the tip of DCM without any tendon pull. We adjusted the Young's modulus to find the best fit between the simulated and experimental shape results. And then, known tension forces were applied to the tendon coupled to the DCM. Similarly, we adjusted the friction coefficient to find the best fit between the simulation using the known Young's modulus and experimental shape results.
Finally, using the calibrated modulus and friction coefficient, we performed FEA by varying the joint parameters (v 1 , v 2 , l s 1 , and l s 2 for segments 1 and II as shown in Fig. 2) , to explore the effect of different patterns of compliant joints.
C. Boundary Exploration
For each manipulator configuration, we estimated the DCM ability to explore a sample lesion boundary in the skull base.
The lesion boundary was digitized from a patient's CT images using Image Processing Toolbox (MATLAB R2014b, USA), and discretized using 51 equally distributed points. We first used a rational Bezier curve to fit the trajectories of the DCM's tip for each group of joint parameters using the FEA results with one bending and unbending cycle (under the maximal tendon displacement with 9mm). Given a specific tendon length, the DCM configuration can be derived based on D-H convention defined in [6] . Then for each point on the lesion boundary, an inverse kinematics can be solved to find the best inputs of DCM (a, t, d 1 ) by defining an optimization problem
subject to the constraint
and it also assumes no collision between the DCM body and the lesion boundary. Here max α α is the normalized pivoting angle under the RCM at the access point (Fig. 1) , t is the normalized cable length for DCM, 1 1m a x d d is the translation distance of DCM from the RCM (Fig. 1 
III. EXPERIMENTS AND RESULTS
A. Experimental Setup
As introduced in section II-B, we carried out a set of experiments using the DCM with evenly-spaced compliant joints described in [12] to calibrate the unknown Young's modulus and the tendon friction coefficient (Fig. 4) . The proximal end of the DCM was fixed to an optical table. The distal end of the actuation tendon was attached to the distal end of the DCM, while the proximal end of the tendon was attached to a force sensor (Futek LSB200, USA) fixed to a linear stage (M-UMR8.25A, Newport, USA). A camera (PixeLINK PL-B774F, USA) was attached to the optical table to record the experiment. The field of view of the camera was set perpendicular to the bending plane of the DCM.
In experiment I, the camera recorded DCM deformation due to weight (10g, 20g, 50g, 70g, and 100g) attached at the tip of the DCM while its tendon was kept loose. A 2D/3D registration algorithm [13] calculated the DCM centerline.
In experiment II, the tendon was actuated from 0N to 13N in 1N increments and released to 0N in 1N decrements. The camera captured the DCM deformations and for each image the centerline of the DCM was calculated.
We compared the FEA results and experimental results to find the best Young's modulus of 31GPa and friction coefficient of 0.56 (Fig. 4) .
B. FEA of DCMs with Different Notch Distances -v
We performed FEA to investigate the effect of the distance between the semicircular center points of two adjacent notches (Fig. 2) . The parameter v 1 in Segment I was modified from one to four times of original value (0.18mm). The simulated tendon was actuated from 0mm to 9mm in 1mm increments, and released to 0mm in 1mm decrements. The shapes and trajectories of the DCM tip are compared in Fig. 5(a) . The cross distance did not have a significant effect on shapes and trajectories. For the same tendon force profile, the bending of the DCM slightly increases with w 1 .
C. FEA of DCMs with Different Joint Heights -l s
We reduced the height of joints in the Segment I, l s 1 , from 0.4mm to 0.1mm in 0.1mm decrements. The displacement of simulated tendon was the same as the one described in Section III-B. The DCM shapes and tip trajectories were significantly affected by the change in l s 1 (Fig. 5(b) ). With the decrease of l s 1 , the trajectory has a shorter length along the x-axis.
Finally, we maintained the height of joints in Segment I, l s 1 , as 0.1mm, and increased the height of joints in Segment II, l s 2 , from 0.4mm to 0.8mm in 0.1mm increments. The tendon displacement remained similar to the one described in Section III-B. Results show that the length along x-axis becomes shorter when the height of joints in the Segment II is increased (Fig. 5(c) ).
D. Case Study: Boundary Exploration for a Specific 2D
Boundary Given all the shapes and tip positions from FEA, we can use the method in Section II-C to find what percentage of the boundary can be reached by DCMs with different joints parameters, only using 3DOF operations-insertion/retraction, pivoting and bending. Results indicate that for all the DCMs shown in Fig. 6 Fig. 7 . Results show that modified DCM can reach most of the points at the top, while the points at the base cannot be reached.
IV. DISCUSSION AND CONCLUSION
FEA indicates that l s is the key parameter affecting the DCM deformations. Considering the cross section as the rectangle (Fig. 2) , the moment of inertia is k(l s ) 3 /12, where k is the wall thickness of DCM. It is obvious that the moment of inertia is proportional to three cubed of l s . So as l s 2 /l s 1 becomes larger, the stiffness difference between joints of the two segments will increase dramatically.
Moreover, the case study shows that DCMs with unevenly distributed compliant joints can increase the DCM reach for lesion removal to 71%, compared with 59% for the DCM with evenly distributed compliant joint. Two overbent shapes (see Fig. 6(a) ) seem impossible to achieve within the constrained space in the real scenario, although they meet with the optimization algorithm in Eq. 1. Additional constraints about the maximal bending angle of DCM within the specific space need be considered in future. Also, the simulations show that the current DCM design cannot reach the points close to the base of the boundary (Fig. 6 ). For this preliminary study, we limited our search space by using 2 segments and 2 parameters per each segment. It is possible to further increase the DCM reach to the boundary by including the number of compliant joints as an input to the optimization problem, however, the decrease of the number of compliant joints will require more translation/retraction operations to search the lesion boundary.
In summary, we calculated the deformation of DCMs with a range of different joint parameters using FEA. We showed that the height of the compliant joint has a critical role in optimizing the shapes and trajectories of DCMs. A case study tested the feasibility for a generic boundary exploration using DCMs with compliant joints demonstrating the value of compliant joint parameter optimization for increasing the reach of the DCM. This single-case study demonstrated that it may be beneficial to optimize the notching pattern of the DCM based on the patient-specific requirements for the treatment of the lesion. Future work must include additional case studies to further justify the advantage of using the proposed optimization strategy for patient-specific design and fabrication of the DCM. 
